show that the amount of oxygen produced is constant with time demonstrating that the redox mediator is stable under these experimental conditions.
Introduction
Society's ever-increasing demand for energy is still primarily satised by the combustion of fossil fuels. The environmental degradation associated with their extraction from the earth, their nite availability and the deleterious effects of global warming due to the release of vast quantities of carbon dioxide (CO 2 ) on combustion make the development of a clean energy supply one of the main challenges facing our generation. Nature meets its energy requirements through the process of photosynthesis, where the energy necessary to convert CO 2 into carbohydrates is obtained from sunlight and water. Inspired by this process, much effort is currently being devoted to the production of environmentally friendly solar fuels (such as molecular hydrogen (H 2 )) via water splitting, ideally solely using sunlight as the energy source and water as the sacricial electron donor.
1,2 The water splitting reaction is best viewed as the sum of two half-reactions, the hydrogen evolution reaction (HER) and the water oxidation reaction (WOR). In practice, the HER is a much less energy-demanding process than the WOR, with the latter being considered the bottleneck of water splitting. The complexity of the WOR arises from the requirement to transfer four electrons and four protons for the total conversion of water into molecular oxygen (O 2 ), a process that involves multiple intermediaries separated in many cases by signicant energy barriers.
3 Therefore, the use of a catalyst is required in order to produce O 2 at reasonable rates and/or overpotentials.
The catalytic WOR in aqueous media is well documented in the literature. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] However, relatively few studies have been devoted to the inuence of primarily non-aqueous conditions, such as trace water present in organic solvents or ionic liquids, on this key reaction. [22] [23] [24] [25] Such a bias for aqueous conditions is surprising given that (i) nature carries out the WOR under hydrophobic conditions in the presence of trace water as the O 2 -evolving complex of photosystem (II) is embedded in the lipid environment of thylakoid membranes, 26, 27 (ii) the stabilities of molecular water oxidation catalysts (WOCs) are known to improve in non-aqueous environments 28 and (iii) changes in the solvation environment of water are known to drastically modify its physicochemical properties 29 and reactivity. 22, 30 In this study, we focus on the latter point regarding the changes in reactivity of water molecules dissolved in an organic solvent. Previously, for the HER, we have shown that the reactivity of dissolved protons, and in effect their susceptibility to reduction by electron donors, is dependent on their surrounding medium. 31 In a series of articles, we highlighted that organic solubilized protons may be reduced using lipophilic weak electron donors, such as decamethylferrocene (DMFc) , that are thermodynamically incapable of reducing aqueous protons. Utilizing iontransfer voltammetry, we proved that the reduction potential of these transferred protons in 1,2-dichloroethane was shied positively over half a volt, allowing their reduction to H 2 by DMFc. This biphasic HER reaction was easily catalyzed by Pt (ref. 32 ) and other more earth-abundant "oating catalytic ras" such as molybdenum disulde (MoS 2 ) and molybdenum carbide (Mo 2 C) nanoparticles grown on carbon supports such as carbon nanotubes or reduced graphene oxide.
33-35
Meyer and co-workers have studied the mechanism and kinetics of the electrocatalytic WOR in miscible waterpropylene carbonate (PC) solutions at nanostructured indium tin oxide (ITO) electrodes modied with the molecular catalysts [Ru(Mebimpy)(bpy)(OH 2 
. 25 Their choice of organic solvent was based on the relatively high miscibility of PC with water (up to 8% (v/v)), the solvents wide polarizable potential window with an oxidative limit of >2 V (vs. SHE) and its weak coordinating ability in comparison to water. 23 Switching from an acidic aqueous solution to the primarily non-aqueous environment of a miscible water-PC solution lead to an increase in the rate of the WOR by a factor of 300 for [Ru(Mebimpy)(bpy)(OH 2 (albeit a factor of 10 times slower than the Ru polypyridyl oxidant). These positive results were attributed in both instances to the known destabilization of water in PC, i.e. the water is in effect more reactive and susceptible to oxidation in PC.
36
In parallel, Bond and co-workers have identied ionic liquids as another viable non-aqueous environment to modulate the reactivity of dissolved water, allowing its ease of oxidation and facilitating its unexpected use as a sacricial electron donor under conditions where it normally remains inert in wet organic solvents or neat water. 22, 30 The unique environment provided by the ionic liquid 1-n-butyl-3-methylimidazolium tetrauoroborate (BMIMBF 4 ) allowed water to act as a sacricial electron donor in the presence of Ag + and tetracyanoquinodimethane (TCNQ) to evolve O 2 quantitatively and produce exceptionally long AgTCNQ wires. 22 In a separate study, water effectively acted as a sacricial four-electron donor to photochemically reduce polyoxometalate anions (POMs) in wet ionic liquids. 24 This exceptional reactivity was attributed to the modication of the structure of molecular water in ionic liquids where it may exist in a unique "free" state that excludes selfaggregation via hydrogen-bonding. Consequently, the water molecules tend to interact more strongly with the anions of the ionic liquid and, along with other possible contributory features of modied water in ionic liquids listed by Bond and coworkers, 22 the net effect is a signicant decrease of the activation energy for the WOR in ionic liquids.
Clearly, the inuence of a primarily non-aqueous environment profoundly affects the structure, reactivity and mechanistic pathways adopted by dissolved water molecules during the catalytic WOR. To date, the limited number of reports in non-aqueous environments have all focused on homogeneous molecular water oxidation catalysts. Two separate kinetic studies were performed. The rst involved investigating the inuence of "acidity regulators" and the concentration of IrO 2 NPs on the rates of the WOR. For the synthesis as well as the characterization of IrO 2 NPs by UV/vis spectroscopy and transmission electron microscopy (TEM) see ESI. † Perchloric acid (HClO 4 ) and a buffer designed specically for the WOR by Mallouk and co-workers, 37-39 a bicarbonatehexauorosilicate (NaHCO 3 -Na 2 SiF 6 ) mixture, were employed as the "acidity regulators". The latter was prepared as previously described. 38 The total water content in the water-ACN mixture was maintained constant at 10% (v/v) for these measurements. In a typical experiment 1. NPs concentration is detailed explicitly in the ESI. † The pre-mixing of water-ACN prior to injection into the pure dry ACN solvent was essential to obtain accurate kinetic rate constants in the rst seconds aer injection. Direct injection of a pure aqueous solution to dry ACN leads to slow mixing and dramatic changes in the optical properties of the solution, thereby, affecting accurate determination of the kinetic rate constants. However, it is noteworthy that implementing the pre-mixing protocol restricts the appearance of absorbance peak spikes or instabilities to the rst second aer catalyst injection, see Fig. S10 , ESI. † Thus, data acquired in the rst second aer injection was not used for the kinetic analysis. The absorbance value at 900 nm was used for background correction. This methodology enabled changes in the baseline to be corrected, in particular immediately aer injection when the two miscible liquids of different refractive indices mix, see Fig. S10 , ESI. † The second set of kinetic data was obtained to highlight the inuence of varying the water content (from 5 to 85 % (v/v)) in the water-ACN mixture on the rate of the WOR in the presence of 20 mM HClO 4 and 27 mM IrO 2 NPs. Once more, the preparation of each sample with increasing water content is detailed explicitly in the ESI. † Again, on injection under vigorous stirring, the absorbance values at 673 nm and 900 nm were recorded as a function of time.
Additionally, changes in the viscosity of the water-ACN mixtures with increasing water content were determined (see ESI †). The analysis of the products for the mixtures containing 10% water was carried out under identical conditions to those previously described but using a septum sealed cell. At t ¼ 0, a xed amount of catalyst was injected to the cell. Once the time necessary for the completion of the reaction had elapsed (in excess of 5 min), the headspace of the vial was sampled using a syringe with a push-pull valve (SGE Analytical Sciences) and subsequently analyzed by gas chromatography using a PerkinElmer gas chromatograph (Clarus 500, equipped with 5Å molecular sieves 80/100 mesh) with a thermal conductivity detector (TCD) and argon as the carrier gas. The liquid was analyzed by 1 H NMR spectroscopy and UV/vis spectroscopy. In this set of experiments the nal concentration of IrO 2 NPs was 31 mM. Further details of the methodologies followed for the analyses by gas chromatography and 1 H NMR spectroscopy are provided in the ESI. †
Electrochemical measurements in organic media
All electrochemical measurements in organic media were performed in a three-electrode conguration using a PGSTAT 30 potentiostat (Metrohm, CH). No iR compensation was applied to the cell. All voltammetry experiments were completed using organic media thoroughly de-gassed with nitrogen, under anaerobic conditions in a glovebox lled with nitrogen and at an ambient temperature of 23 AE 2 C.
Bulk electrolysis experiments were carried out in water-ACN mixtures initially containing 2 mM Ru II (bpy) 3 (PF 6 ) 2 , 0.1 M tetrabutylammonium hexauorophosphate (TBAPF 6 ), 31 mM IrO 2 NPs and 4.3 mM NaHCO 3 -Na 2 SiF 6 . A classic bulk electrolysis cell conguration was employed using a Duocel® reticulated vitreous carbon working electrode (RVC, pores/inch ¼ 30; relative density 3%, supplied by ERG Aerospace Corporation, U.S.A.), a Pt-mesh counter electrode and a Ag/Ag + double-junction organic reference electrode. The anodic and cathodic compartments were separated by a glass wool plug to prevent the re-oxidation of O 2 at the Pt-mesh counter electrode. An image of the full electrolysis experimental setup ( Fig. S2 †) is available in the ESI. † Prior to experiments, RVC electrodes were cleaned by immersion in ethanol for 20 min, followed by drying under a stream of nitrogen gas. RVC was chosen as the working electrode due to its large specic area, robust mechanical properties and high overpotential for the WOR compared to Pt under similar conditions. The gas products accumulated in the headspace of the electrolysis cell were sampled and analyzed by gas chromatography, as previously described.
Results and discussion
Designing a model system for water oxidation in a nonaqueous environment
Current state-of-the-art research to overcome the WOR "bottleneck" in water-splitting is dominated by the search for novel WOCs, either homogenous molecular or heterogeneous NPbased species and ideally consisting entirely of earth-abundant non-precious elements, that necessitate the lowest possible overpotential to achieve exceptionally fast catalytic rates. In this article, we deviate from this common approach and instead focus on improving the reactivity of the water molecules themselves, by changing the reaction conditions under which the WOR takes place, and not on improving the reactivity of the catalyst. Thus, in designing these experiments, we chose the well-known bench-mark catalyst and oxidant combination of IrO 2 NPs and [Ru III (bpy) 3 ] 3+ to test the inuence of the composition of the reaction media on the WOR catalytic rates.
As noted in detail vide supra, the reactivity of water molecules varies considerably in non-aqueous environments. We chose a primarily non-aqueous environment based on water-ACN mixtures as a large body of physicochemical 40, 41 and spectroscopic data is available for this solvent system. [42] [43] [44] [45] [46] [47] [48] Additionally, ACN is an abundant solvent of low toxicity, is miscible with water in any proportion, has a wide polarizable potential window with an oxidative limit of >2 V (vs. SHE) 49 Before embarking on a detailed kinetic study, a simple preliminary experiment was devised to quickly test if water molecules were indeed more reactive in the primarily nonaqueous environment of the present model water-ACN system. The rst step involved forming an immiscible biphasic water-ACN system by dissolving potassium chloride in the aqueous phase at a concentration of 1 M before contacting it with an equal volume of ACN. 50 Upon vigorous stirring, a stable biphasic system was obtained with the less dense ACN-rich phase on top and the aqueous-rich phase at the bottom. in the ACN-rich phase may be attributed to the WOR and, perhaps, to an extent to the co-evolution of Cl 2 . Hence, this simple experiment provides a qualitative example of the increased reactivity of water molecules in an ACN-rich phase. Consistent with these observations, UV/vis spectra of both phases taken aer 1 min. of reaction (Fig. 1) revealed a significant characteristic absorption band for unreacted [Ru III (bpy) 3 ] 3+ at 673 nm in the water-rich (bottom) phase and its complete absence in the ACN-rich (top) phase. Even more strikingly, rapid and vigorous O 2 evolution was observed to occur preferentially in the organic phase (Movie S1, ESI †).
Inuence of "acidity regulators" and the IrO 2 NPs concentration on the kinetics of the WOR
The preliminary experiment depicted in Fig. 1 . Although the pH is difficult to control given the obvious difficulties in the evaluation of the activity coefficient of the proton, the weak basicity of ACN ensures that it is not directly protonated to form CH 3 CNH + in water-ACN mixtures. Thus, in the event of protons being introduced either by dissociation of a strong acid or released during the WOR, the solvation shell of the proton is practically in the form of (H 2 -O) n H + $ACN. 29 Therefore, the aqueous buffer will still act as an acidity regulator in this mixed environment. The use of buffer is crucial since changes of the proton activity during the WOR signicantly inuence the thermodynamic driving force of the reaction, making analysis of the data rather complex. A set of experiments highlighting the difficulty in obtaining meaningful kinetic data in the absence of buffer is available in the ESI † (Fig. S11) .
The corrected UV/vis absorbance proles for the disappearance of the absorbance band at 673 nm representing the consumption of [Ru III (bpy) 3 ] 3+ during the WOR are presented in Fig. 2A (HClO 4 ) and 2B (NaHCO 3 -Na 2 SiF 6 ), both without catalyst and in the presence of increasing concentrations of IrO 2 NPs. This real time absorbance data was re-plotted on a logarithmic scale in Fig. 2C ). Deviations from this linear behavior at longer time scales were attributed to signicant changes in the acidity of the environment due to the release of considerable quantities of protons during the WOR, the ensuing larger thermodynamic driving force required to overcome the WOR overpotential under these conditions and the resultant slower rates of reaction in comparison to initial conditions.
Considering that water is always in large excess with respect to the electron donor, the rate law can be the expressed as:
where k obs represents the pseudo-rst order constant obtained from the slope of the curves in Fig. 2C 3 ] 3+ reduction in the absence and Fig. 1 Highlighting the increased reactivity of water molecules in a non-aqueous environment. UV/vis spectra of both phases in a biphasic system composed of a water-rich phase (green in colour) and an organic-rich phase (orange in colour) after the addition of small amounts of Ru III (bpy) 3 (PF 6 ) 3 (for details see the text and Movie S1, ESI †).
presence of catalyst, respectively. k 0, the rate constant for the non-catalyzed consumption of [Ru III (bpy) 3 ] 3+ , was determined from the slope of the pseudo-rst order plot in the absence of IrO 2 NPs. It therefore followed that k cat ¼ k obs À k 0 . Plots of k cat vs. the IrO 2 NP concentration for both acidity regulators (insets in Fig. 2C and D) are linear, indicating an explicit dependence of the rate on the concentration of catalyst as follows:
where k 2 represents the pseudo-second order constant for the catalyzed WOR. A number of clear trends emerge on inspection of the kinetic data extracted from Fig. 2 and summarized in Table 1 . Firstly, higher rates of reaction were observed when NaHCO 3 -Na 2 SiF 6 was used as the acidity regulator, both in the absence and presence of IrO 2 NPs, in comparison to those obtained with HClO 4 . The former trend (without catalysis) is solely due to the higher thermodynamic driving force required to oxidize water in the presence of higher HClO 4 concentrations. Meanwhile, the latter trend (with catalysis) is additionally inuenced by the pH dependent redox properties of the IrO 2 NP surface active sites.
51À53 Indeed, although the conditions of the NaHCO 3 -Na 2 SiF 6 buffered WOR studied by Morris et al. are different to those discussed herein, in terms of reaction-media composition and [Ru III (bpy) 3 ] 3+ concentration, the magnitude order of the rate constants between both studies were identical, giving credibility to our obtained values. 39 Secondly, a linear relationship exists between the concentration of IrO 2 NPs and the observed rates of catalysis with both buffering systems, supporting the bimolecular nature of the mechanism under the present conditions (eqn (2)). In addition to the rates of catalysis, another key attribute of a water oxidation system is the stability of the redox acceptor. Inuence of the water content on the kinetics of the WOR in a non-aqueous environment A second series of kinetic studies were performed to elucidate the optimal water content in the water-ACN mixtures to achieve the fastest WOR kinetic rates in the presence of 27 mM IrO 2 NPs and HClO 4 as the acidity regulator. HClO 4 was chosen in preference to NaHCO 3 -Na 2 SiF 6 as (i) its slower base rate of catalysis was favored to experimentally observe clear changes in the kinetic rate constants, (ii) the experimental design necessitated the preparation of [Ru The inuence of the water content in the water-ACN mixture on the normalized second order rate constant k 2 (see eqn (2)) is shown in Fig. 3 . The observed trend may be divided into three distinct regions of water mole fractions (X H 2 O ): (i) a water-rich region (0.8 # X H 2 O # 0.95), (ii) a region consisting of water-ACN micro-heterogeneities or micro-domains (0.4 # X H 2 O # 0.8) and (iii) an ACN-rich region (0.1 # X H 2 O # 0.4). The term microheterogeneity refers to the situation where molecules of the solvent, in this case water and/or ACN, are preferentially surrounded by molecules of their own kind. Thus, in this region, reported by Takamuku et al. to extend over the range 0.4 # X H 2 O # 0.8, 48 both water and ACN clusters co-exist in the mixture. The observed trend in Fig. 3 indicates that the rate of the WOR is slow in the water-rich region, progressively increases until X H 2 O z 0.7 and then rapidly increases to a maximum in the micro- heterogeneity region. Finally, in the ACN-rich region the rate rapidly declines in a linear fashion from the peak rate reached at X H 2 O ¼ 0.5.
The initial progressive increase in the rate of the WOR with decreasing X H 2 O is attributed to a gradual decrease in the strength of the hydrogen-bonding network with increasing ACN content, as previously postulated for water molecules dissolved in ionic liquids.
22,24,30 X-ray diffraction and infra-red (IR) spectroscopy studies of water-ACN mixtures by Takamuku et al. revealed that the strong hydrogen-bond network begins to gradually degrade on the introduction of ACN, this process rapidly accelerates at X H 2 O z 0.7 (mirroring the rapid increase in rate observed experimentally in Fig. 3 ) and the hydrogenbond network essentially disappears and the water molecules are present in their "free" state, free of self-aggregation, in the range 0.2 # X H 2 O # 0.4. The removal of the water-water H-bonds diminishes the "protection" of the water molecules and increases the susceptibility of the O-atom in water to interact with the catalytically active iridium species at the surface of the IrO 2 NPs. The subsequent rapid linear decrease in the rate of the WOR in the ACN-rich region (0.1 # X H 2 O # 0.4) may be initially surprising as one would expect that the "free" water molecules in this regime would be the most reactive.
Takamuku et al. reported that the electron donicity and acceptability properties of water-ACN mixtures, measured as the ability to solvate the VO(acac) 2 complex 48 (D coefficient), decreases monotonically from pure water to pure ACN showing two inection points, one of them at low water concentrations (X H 2 O ¼ 0.2). As water has a larger acceptor number (54.8) than ACN (19.3) , the D coefficient value reects the solvation ability by water rather than ACN molecules. In other words, the ability of water to scavenge protons at low molar fractions is decreased even though the O-atom is "more free" to participate in the oxygen transfer step needed to carry out water oxidation. This results in a bell-shaped dependence of the rate of water oxidation with varying X H 2 O , as observed in Fig. 3 .
Control IR spectroscopy experiments (see Fig. S14 and S15, ESI †) were performed in an identical manner to those described by Takamuku et al. but incorporating the diverse additional species present in the water-ACN mixtures during kinetic experiments for the WOR, namely, sensitizer molecules (Ru(bpy) 3 (PF 6 ) 2 ), acid (HClO 4 ) and heterogeneous catalytic species (IrO 2 NPs), as outlined in Fig. 3 . The trends observed by Takamuku et al. were not affected by the presence of the aforementioned additional species, thus validating our comparative analysis between the kinetic data shown in Fig. 3 and the spectroscopic data obtained by Takamuku et al.
Concerning the interaction of the IrO 2 NPs with water in the mixed solvent media, we propose that water interacts preferentially with the IrO 2 surface. We base our hypothesis on the experimental observation that at water contents below 10% and [IrO 2 ] > 60 mM, the catalytic NPs aggregate and precipitate. This behavior is indicative of reduced NP stability at low water content. It also indicates that water, besides being the reagent for the WOR, suppresses aggregation of IrO 2 NPs due to its preferential interaction with the NP surface. Further qualitative evidence of the hydrophilic nature of the IrO 2 surface is the observation of the preferential partition of IrO 2 NPs in immiscible biphasic systems to the water-rich phase rather than the ACN-rich phase, as clearly shown in Fig. S8 transferring electrons from the surface of the electrode to the IrO 2 NPs, whereupon they were used to drive the WOR (see Fig. 4 for the reaction scheme).
The optimal potential at which to carry out bulk electrolysis was determined from cyclic voltammograms of Representative current-time and charge-time bulk electrolysis proles are shown in Fig. 4 . A progressive decrease in the current was observed due to the change in the pH-dependent thermodynamic driving force with the continuous release of protons during the WOR (shown for the catalyzed reaction with 25% (v/v) water as the black trace in Fig. 4 ; data for 10% (v/v) water not shown). In the presence of IrO 2 NPs and 10% or 25% (v/v) water, a non-negligible current at long time scales (>1000 s) was observed. This behavior is characteristic of a catalytic reaction, in which the redox shuttle is continuously recycled at the electrode surface (see inset Fig. 4 ), leading to a sustained increase in the amount of charge passed. By comparison, however, a plateau of charge passed is reached once all of the [Ru II (bpy) 3 ] 2+ is oxidized at the electrode surface in the absence of a recycling mechanism when the experiment was performed in dry ACN and in the absence of catalyst (blue dotted line, Fig. 4) . A further control experiment was performed to ensure that the extent of the direct WOR at the electrode surface during bulk electrolysis in the absence of both the [Ru redox shuttle and catalytic IrO 2 NPs is minimal (Fig. S17 ESI †) . Analysis of the effect of water content on the kinetics of the WOR measured by chronoamperometry is rather complex due to the large changes in viscosity as the water-ACN ratio increases (viscosity values at different water contents are shown in Fig. S18 ESI †) . However, the values of O 2 measured under recycling conditions were found to be dependent on the water content. Table 2 
Conclusions
The present results clearly demonstrate that IrO 2 -catalyzed water oxidation is dependent on the water content for wateracetonitrile mixtures. Based on kinetic measurements, the maximum activity for the catalyst in acidic media was exhibited when the biphasic media was composed of approximately equimolar proportions of water and acetonitrile. Under such experimental conditions hydrogen bonding is weakened and isolated reactive pools of water are generated. Formation of reactive water overlayers on the surface of IrO 2 NPs is also proposed. All in all, the present strategy represents a better approach to characterize the catalytic activities of water oxidation catalysts in organic media that could be applied to a wide range of catalysts and organic solvents. On the other hand, the use of water-acetonitrile mixtures appears a viable alternative to enhance the stability of redox shuttles, a fundamental problem in photocatalytic water oxidation systems in general.
1 Fig. 4 Plots of the current (black line) and charge (blue line) during bulk electrolysis of a solution containing 2 mM Ru(bpy) 3 (PF 6 ) 2 , 31 mM IrO 2 NPs and 4.3 mM buffer NaHCO 3 -Na 2 SiF 6 , in a water-ACN mixture (2.5 : 7.5 (v/v)). For comparison, the plot of charge during bulk electrolysis of 2 mM Ru(bpy) 3 (PF 6 ) 2 (blue dotted line) in dry acetonitrile was included. In each case the supporting electrolyte was 0.1 M TBAPF 6 . The electrode was RVC (for details see Experimental section). 
